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I. INTRODUCTION: ATMOSPHERIC PRESSURE SPATIAL ATOMIC LAYER DEPOSITION (AP-SALD)
The recent boom of nanoscience and nanotechnology, 1,2 particularly for the miniaturization and diversification of electronics, 3 has prompted the need for semiconductor fabrication techniques that can rapidly produce high quality thin films in a scalable, controlled manner with tunable electrical properties. 4 Atmospheric pressure spatial atomic layer deposition (AP-SALD) is an emerging technique to produce functional oxides, such as ZnO, for devices. 5 AP-SALD has the capability of rapid, atmospheric and in-line processing in industrial environments. [5] [6] [7] Spatial atomic layer deposition (SALD) evolved from conventional atomic layer deposition (ALD) to overcome the limitations of ALD in a vacuum environment: although ALD can controllably produce conformal, pinhole-free thin films, 5, 6, [8] [9] [10] [11] [12] [13] long purge steps are needed between the alternating precursor exposure steps to prevent their intermixing in the gas phase and to ensure that they are separately chemisorbed onto the substrate ( Fig. 1(a) ). This limits its growth rate to typically ∼10 −2 -10 −1 nm s −1 . 6, 8, 12, 14, 15 In SALD processes, by contrast, the precursors are separated spatially (hence spatial ALD) and the substrate moves between the different precursor zones ( Fig. 1(b) ). 16 While some SALD reactors operate at low pressures in a closed chamber, most SALD reactors are designed to operate at atmospheric pressure. 6 It is these AP-SALD reactors that we will focus on in this research update. We specifically focus on AP-SALD reactors because avoiding closed chamber or vacuum based steps FIG. 1. Illustration of the production of doped metal oxides by (a) delta-doping using conventional ALD and (b) co-injection using AP-SALD. 31 (c) Schematic of an example AP-SALD gas manifold, showing how the separate gas channels are created, with the precursor channels spatially separated by inert gas channels that can also act as gas bearings to float the manifold over the substrate (or vice versa). 30 in device synthesis is highly preferable for their industrial application. 5, 14, 17, 18 Detailed reviews of closed chamber and atmospheric pressure spatial ALD reactors and their development can be found in Refs. 5 and 6.
In the few years that AP-SALD has now been in development, ZnO has received much attention, since it is a non-toxic metal oxide with widely varying properties depending on doping (e.g., with Mg, N, Al, or In). 13, [19] [20] [21] ZnO is also an earth-abundant material, has a wide bandgap, and can be processed over large areas, making it suitable for next generation electronics, such as smart window layers, nanorod arrays, and transparent conductors in thin-film solar cells and as switching channels in thin-film transistor (TFT) circuits. 13, 19, 20, 22 Producing ZnO by AP-SALD is very appealing because the high throughput of this technique makes it suitable for devices requiring high production rates, such as in excitonic solar cells. [22] [23] [24] Furthermore, the use of AP-SALD to control and tune the electronic properties of ZnO through doping is now recognized as a low-cost and scalable way to increase the performance of these devices. 19, 20, 25 The controlled introduction of dopants by AP-SALD is an important challenge, and the recent progress made for a narrow group of dopants could pave the way for future developments, as the interest in AP-SALD and range of dopants used becomes broader to the level achieved with doped ZnO deposited by conventional ALD. 13 This research update focuses on the deposition of functional ZnO films using AP-SALD. It starts by discussing the main AP-SALD reactor designs that have been used to synthesize ZnO at atmospheric pressure. We also seek to standardize the terminology used. For example, the various terms previously employed to describe these reactors are atmospheric atomic layer deposition (AALD), [23] [24] [25] [26] spatial atmospheric atomic layer deposition (SAALD), 5, 27, 28 and atmospheric spatial atomic layer deposition. 29 Here, the term is standardized to AP-SALD. AP-SALD reactors have also previously been simply termed "spatial atomic layer deposition" (S-ALD or SALD). 16, 30, 31 But as noted above, some SALD reactors operate in a closed chamber, whereas we are most interested in those that operate at atmospheric pressure. In Sec. II, we discuss the methods of doping and effects of dopants on properties. We then highlight the influence of intrinsic and doped AP-SALD ZnO films on thin-film solar cells, organometal halide perovskite light emitting diodes (PeLEDs) and transistors. In particular, we highlight the advantages of using ZnO synthesized by AP-SALD, as well as the necessary future developments that must be undertaken.
II. AP-SALD REACTOR DESIGNS
In AP-SALD, inert gas curtains are used to spatially separate the precursor gases, thus keeping them chemically isolated (Fig. 1(c) ). 5, 6, 16, 27, 31 The isolation of each gas channel is also maintained by positioning the substrate <100 nm from the gas manifold and ensuring that the exhaust flow of gases balances the inlet gas flow. 31 The substrate position may be maintained by mechanically constraining the gas manifold over the substrate, 25 floating the gas manifold over the substrate (where the gas curtains act as frictionless bearings), 32 or by floating the substrate over the gas manifold. 31 It is important to avoid gas intermixing, since this results in chemical vapor deposition (CVD). 33, 34 Inert carrier gas (e.g., N 2 ) is bubbled through the liquid organometallic metal precursor(s) and oxidant (H 2 O). The vapors of the metal precursor(s), oxidant, and the inert gas are separately fed to the gas manifold. The gas manifold divides and guides the gas flows in such a way that there is an inert gas channel between each precursor (metal or oxidant) channel ( Fig. 1(c) ). By moving the substrate along these curtains, a much faster ALD cycle (metal precursor exposure/purge/oxidant exposure/purge) is replicated. This reactant alternation principle allows AP-SALD to grow metal oxide films monolayer by monolayer up to two orders of magnitude faster (in nm s −1 ) than conventional ALD. 23, 24, 35 Since AP-SALD replicates the ALD cycles and reactions, the advantages of ALD processing are maintained: atomic-level thickness control, 32 and high quality, pinhole-free films with controllable properties. 23, 25, 26, 36 This also results in the growth rate in nm cycle −1 being similar for conventional ALD and AP-SALD (Table I) . AP-SALD also uses the same deposition temperatures as ALD (often ∼150
• C for ZnO), since the chemical half-reactions involved are the same. 23, 25, 26, 36 The low temperatures are compatible with some industrial polymer substrates, which for AP-SALD enable the process to be compatible with atmospheric pressure, roll-to-roll (R2R) deposition of ZnO onto continuous substrates (e.g., polymers, foil, or paper). 23, 34, 37, 38 AP-SALD ZnO was first reported by Levy et al. 16 Their reactor was further developed by Cambridge University and used to produce Cu 2 O, 35 TiO 2 , 24 and doped and intrinsic ZnO. 18, 23, 25, 26, 28, 36, 39 Various names have been given to describe this system, but in this research update, we standardize its name to the Cambridge University Close Proximity (CUCP) reactor (design details are given in Ref. 24 ). An illustration of the CUCP gas manifold is given in Fig. 2 . In this reactor, gas isolation is achieved by mechanically constraining the manifold <50 µm above the substrate and balancing the inlet and exhaust gas flows. 24 One limitation of this design is that the manifold-substrate spacing is sometimes too high (since it is mechanically constrained), and the pressure gradient for each gas channel is insufficient to maintain gas isolation. This results in precursor gas intermixing and the films depositing by AP-CVD. 31 However, we have found that the AP-CVD films remain strongly (a) CUCP gas manifold. The metal precursor, inert gas, and oxidant gases are introduced to separate inlets and guided to one side of manifold. They travel through horizontal channels beneath the manifold across to the exhaust on the other side. The substrate oscillates beneath these gas channels to grow the metal oxide film, as schematically illustrated in (b). The substrate moves through the metal precursor channel (green), where the metal precursor chemisorbs to the substrate. Next, the substrate moves through an inert channel (blue) to the oxidant channel (red) to form a monolayer of the oxide. In one cycle, the substrate moves under a metal precursor channel four times, as indicated. adherent to the substrate, compact, pinhole-free as-deposited with similar carrier properties, grain structure, crystallinity, and transmittance as ALD films. We can also control the film thickness through the number of cycles. The main difference is that we obtain a higher growth rate when using our system as an AP-CVD reactor rather than as an AP-SALD reactor. The disadvantage of operating the CUCP reactor in AP-CVD mode is that the films are often thicker on the inlet side of the manifold and thinner on the exhaust side of the manifold. This is due to the concentration of precursors being lower at the exhaust due to reaction upstream of the gas channels. Avoiding this thickness variation can be achieved by having an optimized design with the inlet gas introduced via a channel running along the length of the manifold and having the exhaust channels immediately adjacent to each inlet channel. In 2009, a different head designed by the Eastman Kodak Company was reported, in which the substrate floats over the gas channels (details in Ref. 31 and illustrated in Figs. 3(a) and 3(b)). Unlike the CUCP reactor, this design results in a small substrate-manifold spacing (∼17 µm), creating a large and well-defined pressure field that provides a large driving force for the inlet gas to flow to their adjacent exhaust channels. The AP-SALD head designed by the Eastman Kodak Company also has the exhaust channels immediately adjacent to the inlet channels, unlike the CUCP design. 16, 24, 31 In addition to balancing the inlet and exhaust gas flow rates, these factors make the head designed by the Eastman Kodak Company extremely effective at maintaining gas isolation. 31 By controlling the substrate velocity, rapid ALD synthesis of ZnO can occur (up to 2 nm s −1 ), which is an order of magnitude higher than the growth rate of conventional ALD (Table I) . 9, 14, 40 The range in growth rates shown is due to this parameter being a function of deposition temperature and residence time, which is controlled by pulse duration (conventional ALD) 15 or substrate velocity (AP-SALD). 9, 40 In Table I , the growth rate of 2 nm s −1 using the AP-SALD head designed by the Eastman Kodak Company was obtained using an exposure time of 25 ms (100 ms for each cycle) at 200
• C. 40 A similar design was developed by TNO ( Fig. 3(c) ), 32 in which the gas manifold is floated ∼20 µm over the substrate (Fig. 1(c) ), as detailed in Refs. 6, 30, and 32. As with the AP-SALD head designed by the Eastman Kodak Company, gas isolation is maintained by balancing the inlet and exhaust flow rates and having a large inert gas bearing between the precursor inlets. 32, 41 The substrate is rotated at up to 3000 rpm, leading to deposition rates almost reaching 1 nm s −1 for ZnO (Table I ) and 3-4 nm s −1 for Al 2 O 3 . 30, 32 The deposition rate of AP-SALD is thus only limited by reaction rates for planar, featureless substrates, and maintaining an ALD growth regime (rather than a CVD growth regime) leads to uniform films to be deposited. Other AP-SALD reactors have been produced, but they have mainly been reported to synthesize Al 2 O 3 films. 6, 43 These reactors can, however, also produce intrinsic and doped ZnO films using the reactants and concepts we highlight in this research update. One such industrial AP-SALD reactor is that offered by SoLayTec. This uses gas bearings and operates in a similar fashion to the TNO AP-SALD (details in Ref. 6 ). While most early publications with the SoLayTec reactors have focused on Al 2 O 3 , 6 a recent publication details studies into ZnO. 42 The deposition conditions and growth rates are shown in Table I .
III. AP-SALD OF INTRINSIC AND DOPED ZNO: SYNTHESIS AND DEVICES
In both conventional ALD and AP-SALD of intrinsic ZnO, diethylzinc (DEZ) vapor is used as the Zn precursor and water vapor as the oxygen source. 15, 23, 30, 31 From Figure 4 , it can be seen that AP-SALD ZnO deposited at 150
• C using diethylzinc and water as the precursors has a grain size of ∼50 nm (Fig. 4(a) ), strong c-axis orientation, and high crystallinity (Fig. 4(b) ). These properties are the same as those of ZnO synthesized by conventional ALD, as can be seen from Figures 2(a) and 4 in Ref. 44 . One important application of ZnO is in thin-film solar cell production, such as those based on polymers or organometal halide perovskites, which have gained increasing attention as a lowcost alternative to silicon solar cells. 45, 46 AP-SALD ZnO could be used as the semiconductor in TFTs. 9, 20, 40, 41, 47, 48 This is particularly important because TFTs (acting as a switch) have become a crucial part of the electronics industry, especially for displays. Several million TFTs are produced each year for displays. 49 When ZnO was used in TFTs, the source and drain contacts could be placed on it. 31 For example, Ref. 31 shows a TFT structure with a chromium gate, AP-SALD Al 2 O 3 dielectric, AP-SALD ZnO semiconductor and aluminum source, and drain contacts on top of the ZnO.
In order to expand the potential of AP-SALD, multicomponent ZnO-based materials have been developed through doping ZnO by AP-SALD. Doping is essential for tailoring and optimizing the electronic and optical properties of ZnO. 19 Here, we consider the important properties of ZnO that have been tuned for a variety of device applications.
A. ZnO conduction band tuning
The conduction band position of ZnO is important for controlling interfacial recombination in solar cells, as well as the turn-on voltage in light emitting diodes (LEDs). 11, 18, 19, 25, 28, 39, 50 A particularly effective way of tuning the ZnO conduction band position is through Mg incorporation. 51 This has been achieved by AP-SALD using bis(ethylcyclopentadienyl)magnesium (Mg(CpEt) 2 ) as the magnesium precursor. 25 Inert gas was bubbled through each organometallic precursor and these gases, saturated with the precursor, were mixed in the pipeline before being fed to the manifold (detailed in Ref. 25) . This is known as the co-injection method, where the metal precursors are mixed in the gas phase and introduced to the reactor in the same gas stream (Fig. 1(b) ). One distinct limitation of using this method for the Zn 1−x Mg x O precursors is that the Mg precursor has a lower vapor pressure than the Zn precursor (DEZ), resulting in low Mg incorporation. 25 To increase the fraction of Mg(CpEt) 2 in the gas phase, the bubbling rate through the Mg precursor had to be more than 25 times higher than the bubbling rate through the Zn precursor, and while the DEZ was kept at room temperature, the Mg precursor was heated to 55
• C to increase its vapor pressure. Up to 81 at. %, Mg was thus incorporated into ZnO, resulting in a bandgap increase from 3.3 eV (intrinsic ZnO) to 5.5 eV (81 at. % Mg in ZnO), as shown in Fig. 5 . 25 This is more than that achievable by metal-organic chemical vapor deposition 33 and comparable to that achieved using high-quality vacuum-based processes, such as pulsed laser deposition. In even the most efficient solar cells of this type, the V OC values are well below theoretical limits. 55 By tuning the ZnO conduction band position through incorporating Mg into ZnO (thus forming Zn 1−x Mg x O-PbSe CQDSCs), the amount of electron thermalization via the metal oxide band-tail ( Fig. 6(a) ) was reduced, leading to the V OC values being increased from 408 mV to 608 mV, the highest for PbSe DH-CQDSCs at the time of publication. This work shows that more efficient CQDSCs can be obtained by using new electron acceptors without a pronounced conduction band tail and with an electron acceptor level at the same position as the quantum dot conduction band. 25 Another loss mechanism is interfacial recombination, which is when electrons injected from the p-type absorber into the n-type layer (e.g., ZnO) tunnel back to recombine with a hole either in the p-type layer or at the interface. 26 Interfacial recombination is enhanced when the conduction band of the n-type material is deeper than the conduction band of the p-type layer (cliff), 11 as illustrated in Fig. 6 (b) for cuprous oxide (Cu 2 O) solar cells. 28 Reducing this conduction band offset through Mg incorporation into the ZnO layer, therefore, reduces interfacial recombination, giving high V OC values and efficiencies. 28 Further improvements, however, will depend on avoiding forming the more stable CuO phase on Cu 2 O when it is heated atmospherically during the deposition of AP-SALD Zn 1−x Mg x O on top. 7 Zn 1−x Mg x O has also been studied in LEDs (see Ref. 56 for working principles) and using the CUCP reactor, the metal oxide has been directly deposited onto methylammonium lead tribromide perovskites (CH 3 NH 3 PbBr 3 ), producing PeLEDs (Fig 6(c) ) with sharp electroluminescence (peak full width half maximum of only 25 nm). 39 Since these organometal halide perovskites are heat sensitive, deposition of the electron-injection layer at more than 100
• C produces an increase in the pore size in the CH 3 NH 3 PbBr 3 layer, which leads to shunting. The advantage of AP-SALD is that the processing time of the oxide is minimized: the deposition does not occur in a vacuum-chamber and so the organometal halide perovskite sample can be directly loaded and unloaded from the substrate holder. 39 ZnO conduction band tuning by Mg incorporation allows the electron-injection barrier to be reduced when the ZnO electron-affinity is reduced. This results in a reduction in the turn-on voltages to a comparable level as PeLEDs using F8 (poly(9,9-dioctylfluorene)) as the electron-injector (Fig. 6(d) , Table II 
B. ZnO carrier property tuning
For optimizing the properties of solar cells, thin-film transistors, and transparent conducting oxides (TCOs), which all rely on ZnO thin films, careful control of the carrier concentrations is required. 9, 26, 27, 29, 36, 40 Nitrogen-doping of ZnO reduces its carrier concentration (thus increasing resistivity, as shown in Table II) , 9, 26 and it has been claimed that it can make ZnO p-type with post-deposition treatment (Table II) . 26, 57 The nitrogen dopant is introduced by mixing ammonia with the water oxidant precursor, and this is the method used for both conventional and spatial ALD ZnO:N. 26, 58 The non-pyrophoric and low-cost nature of the ammonia precursor is in contrast to the expensive, pyrophoric organometallic materials that are often used as ALD and AP-SALD precursors, 5, 14 and hence ammonia has been widely studied in both ALD and AP-SALD ZnO. 26, 36, [57] [58] [59] It is suspected that nitrogen doping reduces the carrier concentration because it is an acceptor dopant that compensates the intrinsic donors. 26, 57 In ZnO-PbS DH-CQDSCs, doping the ZnO with nitrogen has been shown to reduce interfacial recombination ( Fig. 7(a) ). Studies have indicated that this is due to a reduction in the back transfer of electrons or by enabling greater collection of electrons in PbS quantum dot intragap states to sub-bandgap states in the ZnO, as the ZnO carrier concentration is reduced. 26 In TFTs, if the ZnO carrier concentration is too high, then there is a high drain current in the "off" state. Reducing the carrier concentration through nitrogen-doping (by either conventional or spatial ALD) has been found to lower off-currents, showing this doping technique to be an important tool for improving TFT performance. 9, 58 While ZnO:N films can be produced by AP-SALD and conventional ALD from the same reactants, an important advantage of AP-SALD is that it is easier to achieve short exposure times (<100 ms), since fast substrate speeds and narrow gas channels are used. 9, 16 An important consequence of shorter pulse times is that the resistance of ZnO increases with decreasing pulse times. By using a shorter purge time after DEZ precursor exposure, there may be less precursor decomposition and an increase in resistivity. Consistent with that, it is well known that ALD ZnO films grown at lower temperatures (which would have less precursor decomposition) are more resistive. 9 Whereas nitrogen-doping reduces the carrier concentration of ZnO, doping ZnO with Al and In increases its carrier concentration because these group III cationic substituents have a higher valence than Zn 2+ and are electron donors that raise the ZnO Fermi level to or beyond its conduction band (making the ZnO degenerate) to produce a TCO. 19 Unlike nitrogen-doping, both Al and In require organometallic precursors, such as trimethyl aluminum (TMA) or dimethyl aluminum isopropoxide (DMAI) for Al, and trimethyl indium (TMIn) for In, as shown in Table II. The co-injection method has been used for doping ZnO with Al by AP-SALD, 23 which can be challenging due to the high reactivity of the TMA precursor. This can result in the formation of a separate insulating alumina phase in the ZnO. Also, the optimum Al-content leading to the lowest resistivity is often very low (e.g., 8% Al/(Al + Zn) in AP-SALD Al-doped ZnO, or AZO). 27 This means that the amount of the Al precursor pre-mixed with the Zn-metal precursor gas flow needs to be reproducibly controlled to a very low value (e.g., <10 µmol min −1 bubbling rate through the TMA precursor compared to 95 µmol min −1 through the DEZ). 27 The co-injection method is, nevertheless, successful, as can be seen from the uniform Al concentration in the XPS depth-profile shown in Fig. 8(a) . The doping efficiency 27 for these AP-SALD AZO films (using TMA as the precursor) is up to 70%, indicating that 70% of the Al dopants introduced to ZnO donate a free carrier. This is significantly higher than the doping efficiency of AZO produced by conventional ALD (<15%) using delta-doping of Al 2 O 3 between ZnO layers (concept illustrated in Fig. 1(a) ), showing the significant advantage of the co-injection approach, where the Al and Zn precursors chemisorb at the same time, resulting in more effective and uniform Al incorporation into the ZnO lattice. 11, 27 Using TMA as the Al precursor for Al-doping ZnO has the disadvantage that it can etch some of the Zn species, which is thought to be due to the high precursor reactivity and lower formation enthalpy of Al 2 O 3 than ZnO.
14 Using a different Al precursor with larger ligands, such as DMAI (Table II) , results in no observed Zn etching, and AZO forms solely by competitive chemisorption of DMAI and DEZ. 14, 61, 62 In conventional ALD, changing the Al precursor from TMA to DMAI also results in a wider dispersion of the Al dopant, leading to the doping efficiency increasing from 10% to 60%. 61 This is a similar doping efficiency as AP-SALD AZO made using the co-injection method, 27 further indicating that this method is successful in producing a uniform distribution of the dopant in ZnO films. The co-injection method used in AP-SALD has also been found to be effective in In-doping of ZnO. A resistivity decrease of three orders of magnitude resulted and a doping efficiency of 95% was obtained (Table II) , which is comparable to that obtained by other techniques, such as sputtering. 29 As with AP-SALD AZO, In-doped ZnO has a high transparency of 90%, making this material highly suitable for TCOs. However, a major limitation to the industrial application of any ZnO-based material is that the resistivity increases in hot, humid environments due to structural degradation. 60 This has been overcome by covering the ZnO with a transparent AP-SALD Al 2 O 3 layer (Fig. 8(b) ), which acts as a stable moisture diffusion barrier. 60 The rapid cycle times accessible to AP-SALD make selective area deposition particularly effective. This is because faster cycles reduce the likelihood of the precursors diffusing into the inhibitor. Much thicker films can thus be grown before unwanted growth in the masked areas occurs. 40 Such an approach lends itself to building circuits, since the active materials are deposited additively, thus requiring no etching steps. 40 In Fig. 7(b) , selective area deposition is demonstrated with AZO, where a 100 nm thick layer of AP-SALD AZO is deposited over the entire substrate. The precursor gases chemisorb only onto the areas without the poly(vinyl pyrrolidone) or PVP. 20, 40 In this patterning approach, a polymeric inhibitor, such as PVP is printed, and the metal oxide films do not grow where the polymer coats the substrate. 20, 40 In summary, ZnO (intrinsic and doped) produced by AP-SALD has similar properties to films produced by conventional ALD. However, the important differences that make AP-SALD highly appealing are the higher growth rate (nm s −1 ) due to faster cycling, atmospheric deposition that allows heat-sensitive substrates (e.g., organometal halide perovskites) to be loaded with minimal heating time, and compatibility with large area substrates and selective area deposition for rapid synthesis of electronics. In addition, the co-injection method employed in AP-SALD systems has the advantage of more uniform doping and high doping efficiency. This is particularly important for producing TCOs and for bandgap engineering via doping.
IV. OUTLOOK
The AP-SALD reactors that have mainly been used to study intrinsic and doped ZnO films are proof-of-principle and operate as batch processes for depositing materials onto single substrates. While industry versions of these reactors have the advantages of operating sheet-to-sheet and in-line with other processes, 6 fully realizing the high throughput potential of AP-SALD will likely require R2R processing. 5 Prototypes of these reactors have started to appear, 34, 43, 47 mainly for Al 2 O 3 deposition. The knowledge generated on AP-SALD ZnO (intrinsic and doped) using the reactors shown in Sec. II can be applied to these new R2R reactors. A significant advantage of AP-SALD is that it combines the advantages of conventional ALD films (e.g., compact, high quality metal oxides) with also being compatible with R2R processing. Hence, AP-SALD is significantly advantageous over existing R2R techniques, such as slot-die coating. 23 New dopants and higher-order multicomponent metal oxides based on ZnO should also be developed in the future. For example, amorphous indium gallium zinc oxide (IGZO) is appealing for high-volume TFT-display manufacturing, since it yields a tenfold higher electron mobility than amorphous silicon, in addition to improved performance even when fabricated at room temperature. 63, 64 A very recent publication on the synthesis IGZO by AP-SALD is covered in Ref. 64 . Yet, when depositing higher-order multicomponent metal oxides, the co-injection method of producing doped ZnO may be challenging if, for example, one distinct precursor has a much higher reactivity or vapor pressure than the other. Designing new, dedicated chemical precursors to tune these properties or introducing each precursor to a different gas channel is an option for overcoming this limitation. Anionic dopants for ZnO other than N should also be investigated, such as for Zn(O,S) (using H 2 S as the sulfur source) to produce buffer layers in solar cells. Zn(O,S) has been deposited by pulsed-CVD to achieve high efficiencies in SnS solar cells. 65 AP-SALD Zn(O,S) has also very recently been synthesized and tested for CIGS (copper indium gallium selenide) solar cells. 66 The device application fields of AP-SALD ZnO are currently mainly in the area of solar cells and TFTs, with Ref. 39 being the first report on the use of AP-SALD ZnO for LEDs and organometal halide perovskites. This opens up the possibility of applying the developments in the solar cell field to the fields of LEDs and organometal halide perovskite optoelectronics. 39, 46 The low deposition temperatures and possibilities of coating large areas with ZnO and other metal oxides also give AP-SALD great promise for the paper electronics area.
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V. CONCLUSIONS
Mass production of ZnO by AP-SALD is highly appealing due to its scalability and the ability to control the electronic properties through doping. This has led to record performance improvements in solar cells and TFTs. Given its strong advantages, we expect AP-SALD to become as popular in laboratories as conventional ALD, which will spur the development of tailor-made chemicals for introducing dedicated doping of ZnO, as well as the production of multicomponent metal oxides. The key development with AP-SALD is to continue with the evolution to roll-to-roll reactors, necessary for production on a scale that fundamentally cannot be achieved with conventional ALD, as well as broadening the range of applications to encompass LEDs and organometal halide perovskite optoelectronics.
